There is an emerging topic in the science of perovskite materials: A-site columnar-ordered A2A′A′′B4O12 quadruple perovskites, which have an intrinsic triple order at the A sites. However, in many examples reported so far, A′ and A′′ cations are the same, and the intrinsic triple order is hidden. Here, we investigate structural properties of Dy2CuMnMn4O12 (1) and Ho2MnGaMn4O12 (2) by neutron and X-ray powder diffraction and prove the triple order at the A sites. The cation distributions determined are [Ho2]A[Mn]A′[Ga0.66Mn0.34]A′′[Mn3.66Ga0.34]BO12 and [Dy2]A[Cu0.73Mn0.27]A′[Mn0.80Dy0.20]A′′[Mn1.89Cu0.11]B1[Mn2]B2O12.
materials properties of other members of the A2A′A′′B4O12 quadruple perovskite family: Dy2CuMnMn4O12 and Ho2MnGaMn4O12, where we aimed at inserting Cu 2+ into the square-planar A′ site and Ga 3+ into the tetrahedral A′′ site, respectively. Using a combination of X-ray and neutron diffraction data we showed that there is a significant amount of Cu 2+ at the A′ site but no Cu 2+ at the A′′ site, and there is a significant amount of Ga 3+ at the A′′ site but no Ga 3+ at the A′ site. These facts prove the intrinsic nature of the A-site triple order in such perovskites and provide a new playground for manipulation of structural and physical properties through selective cation substitutions.
Dy2CuMnMn4O12 and Ho2MnGaMn4O12 were prepared by a high-pressure high-temperature method at 6 GPa and about 1550 K for 2 h in Au capsules (Ho2MnGaMn4O12) and about 1670 K for 2 h in Pt capsules (Dy2CuMnMn4O12) in a belt-type high-pressure apparatus. We emphasize that the high-pressure high-temperature method is an essential tool for the preparation of most A-siteordered quadruple perovskites. [4, 12] (Tables S1-S4 and Figures S1-S4). As the impurity in Dy2CuMnMn4O12 is (Cu,Mn)-rich, the main phase should be Dy-rich. Our structural analysis with neutron diffraction confirmed this and gave the following composition of the main perovskite phase: Dy2.2Cu0.85Mn4.95O12. Synthesis conditions (such as, pressure, annealing temperature, and cooling rates) should, of course, have effects on the degree of cation ordering as was found in Ca2CuMnFe2Re2O12. [9] However, the general tendency should be primarily determined by the cation nature, size, and coordination preferences. [12] As tetrahedral sites are highly unfavourable for Mn 3+ we assumed that Mn at the tetrahedral A′′ site has the oxidation state +2 in the above cation distribution formula. The bond valence sum (BVS) [17] values of Ga 3+ are reduced because of the presence of Mn 2+ in the A′′ site that increases the observed A′′-O bond lengths. The BO6 octahedron in Ho2MnGaMn4O12 has a noticeable Jahn-Teller distortion (with the distortion parameter ∆ = 7.7×10 -4 ) with the longest Mn3-O3 bond distance tilted away from the c-axis by ~20 o due to the heavy octahedral tilting. The presence of cooperative Jahn-Teller distortions is caused by a large concentration of Jahn-Teller active Mn 3+ cations at the B site, and the observed orbital pattern ( Figure 1 ) is a rare example of the ferroorbital ordering previously reported for only La0.5Ba0.5CoO3 perovskite. [18] As it was expected from the crystallographic considerations, [12] Ga 3+ was not found at the square-planar A′ site. Distribution of Ga 3+ occurs between the tetrahedral A′′ site and octahedral B site with the preferred occupation of the A′′ site (with about 2:1 (A′′:B) ratio). If this tendency continues the Ga:Mn ratio at the A′′ site can be increased in solid solutions Ho2Mn6−xGaxO12 with the increase of the Ga content. In principle, such solid solutions should exist from x = 0 to x = 5, that is, from Ho2MnMnMn4O12 [16] to Ho2MnGaGa4O12 (with the A′′ site fully occupied by Ga 3+ ). We could prepare such solid solutions up to x = 4 at 6 GPa and about 1470-1570 K for 2 h in Au capsules (with a = 7.3641(1) Å and c = 7.7152(1) Å for x = 2, a = 7.3640(1) Å and c = 7.6750(1) Å for x = 3, and a = 7.3689(1) Å and c = 7.6173(1) Å for x = 4 at RT (Table S5) ). Ho2MnGaGa4O12 (with a = 7.3773(1) Å and c = 7.5719(1) Å at RT) contained a lot of impurities: HoGaO3 (∼17 wt. %), Ga2O3 (∼19 wt. %), and Ho3Ga5O12 (∼3 wt. %), but lattice parameters of the Ho2Mn6−xGaxO12-type phase continued to change monotonically ( Figure S5 ) suggesting that the chemical composition of that phase could be close to Ho2MnGaGa4O12.
The Mn3 site (B1) of Dy2CuMnMn4O12 shows a strong Jahn-Teller distortion -this could be a reason why a small fraction of Jahn-Teller Cu 2+ cations is also located in this site together with Jahn-Teller Mn 3+ cations. On the other hand, there are no Cu 2+ cations in the Mn4 site (B2), which has a more regular octahedral coordination. The BVS calculations reveal a clear charge disproportionation between the manganese in the B1 and B2 positions, with oxidation states +3.17(1) and +3.76(1) (from the neutron refinement), respectively. Thus the cooperative Jahn-Teller effect in Dy2CuMnMn4O12 is conjugated with charge ordering phenomena, where the layers of strongly elongated Mn 3+ O6 octahedra are interchanged with nearly regular Mn 4+ O6 octahedral layers along the c-axis of the Pmmn orthorhombic structure ( Figure  1b ). To the best of our knowledge, this is the first example of charge and ferro-orbital layer-type patterns observed in complex perovskite oxides, which indicates that this class of columnar-ordered quadruple manganites provides a new playground to study interplay between the charge and orbital degrees of freedom. It is well known that cooperation of these degrees of freedom with the magnetic subsystem in simple charge-doped manganites results in a variety of interesting phenomena such as metal insulator transitions and giant magnetoresistance. [19] Thus, a systematic investigation of physical properties and magnetic structures of such novel A-site ordered perovskites with different degree of charge doping is a promising avenue for future studies. It is known that cation ordering/disordering could have dramatic effects on properties of perovskite materials. [4, 20, 21] Figure 2 depicts dc magnetic susceptibilities of Ho2MnGaMn4O12. At H = 100 Oe ( Figure S6a ), some magnetic anomalies are seen at 27 K and 73 K on zero-field-cooled (ZFC) and field-cooled on cooling (FCC) curves. Moreover, negative magnetization or magnetization reversal was observed below about 10 K on the 100 Oe FCC curve. All these features resemble magnetic behaviours of (Ho0.8Mn0.2)MnO3 ( Figure S6b ) and (Tm0.667Mn0.333)MnO3. [22] Therefore, we conclude that the magnetic response in small magnetic fields is dominated by (Ho0.8Mn0.2)MnO3 ferrimagnetic impurity. At a high magnetic field of 10 kOe, no anomalies were observed except the divergence between the ZFC and FCC curves near 7 K.
No specific heat anomalies at H = 0 Oe and 90 kOe ( Figure  S13a ) and no evidence for magnetic Bragg scattering in the neutron diffraction experiment at T = 1.5 K ( Figure S2) were found for Ho2MnGaMn4O12, suggesting the absence of a long-range magnetic order. However, a high magnetic field of 90 kOe had an effect on the specific heat below about 100 K. This fact shows that shortrange magnetic correlations should be present at this temperature, and this conclusion is further supported by a strong magnetic diffuse scattering observed in the low-temperature (T = 1.5 K) neutron diffraction pattern (Figure S2a, inset) . M versus H curves at 5 K show an S-type shape with small hysteresis near the origin that is typical for spin glasses (Figure S13b) . At 20 K, the hysteresis on M versus H curves almost disappeared. Therefore, neutron diffraction and magnetic data are consistent with each other. Physical properties of Ho2Mn6−xGaxO12 are reported on Figures S6-S15. For example, clear features of a spin-glass (SG) transition were observed in Ho2MnGa(MnGa3)O12 (x = 4) at TSG = 11-12 K.
The absence of a long-range magnetic order in Ho2MnGaMn4O12 is surprising because the B site is only diluted by 9 % with non-magnetic Ga 3+ cations (and the B site should also contain about 9 % of Mn 4+ ). Such dilution in LaMnO3 produces just minor effects. [23, 24] Undoped o-HoMnO3 [25] and Ho2−xMnMnMn4O12−1.5x (= Ho1−yMn3O6−1.5y) [16] perovskites show complex magnetic behaviours with several transition temperatures. Peculiar magnetic behavior of Ho2MnGaMn4O12 can be caused by the fact that the BO6 network in A-site columnar-ordered quadruple perovskites is intrinsically highly tilted. The Mn-O-Mn bond angles of 133-145 deg (Table S2 ) deviate strongly from 180 deg and reduce the nearest-neighbor exchange interactions between Mn cations and introduce competition with next-nearest-neighbor exchange interactions. This interaction reduction and increased frustration coupled with the presence of small cation disorder seems to be enough to completely suppress a long-range order.
On the other hand, specific heat and magnetic measurements showed that Dy2CuMnMn4O12 shows three long-range magnetic order transitions at TN3 = 21 K, TN2 = 125 K, and TN1 = 160 K (Figure 3 ). The intrinsic nature of the three phase transitions is further supported by the fact that all R2CuMnMn4O12 (R = Dy-Lu and Y) exhibit similar magnetic properties and systematic changes of phase transition temperatures. [12] In conclusion, we synthesized A-site columnar-ordered A2A′A′′B4O12 quadruple perovskites Dy2CuMnMn4O12 and Ho2MnGaMn4O12 and investigated their structural properties by means of neutron and X-ray powder diffraction. We found that there is a significant amount of Cu 2+ at the square-planar A′ site but no Cu 2+ at the tetrahedral A′′ site, and there is a significant amount of Ga 3+ at the A′′ site but no Ga 3+ at the A′ site. Therefore, we proved that Dy2CuMnMn4O12 and Ho2MnGaMn4O12 have a triple cation order at the A sites. Ho2MnGaMn4O12 is a rare example of a perovskite with small Ga 3+ cations at the A sites. In addition, our structural analysis revealed that both perovskites exhibit significant Jahn-Teller distortions of the octahedra coordinating B site manganese. A long-range character of the distortions results in a rare example of ferro-orbital ordering in Ho2MnGaMn4O12. In the case of Dy2CuMnMn4O12, the cooperative Jahn-Teller lattice distortion is combined with charge ordering, resulting in an original layer-type charge and orbital pattern. The latter compound also exhibits three distinct magnetic phases, which might reflect a complex character of interaction between the magnetic and electronic subsystems. Thus, our results demonstrate that the A-site columnar-ordered manganites provide a new avenue to study interplay between charge, spin, and orbital degrees of freedom. 
